During reaction, a catalyst surface usually interacts with a constantly fluctuating mix of reactants, products, 'spectators' that do not participate in the reaction, and species that either promote or inhibit the activity of the catalyst. How molecules adsorb and dissociate under such dynamic conditions is often poorly understood. For example, the dissociative adsorption of the diatomic molecule H 2 -a central step in many industrially important catalytic processes-is generally assumed 1 to require at least two adjacent and empty atomic adsorption sites (or vacancies). The creation of active sites for H 2 dissociation will thus involve the formation of individual vacancies and their subsequent diffusion and aggregation [2] [3] [4] [5] [6] , with the coupling between these events determining the activity of the catalyst surface. But even though active sites are the central component of most reaction models, the processes controlling their formation, and hence the activity of a catalyst surface, have never been captured experimentally. Here we report scanning tunnelling microscopy observations of the transient formation of active sites for the dissociative adsorption of H 2 molecules on a palladium (111) surface. We find, contrary to conventional thinking 1 , that two-vacancy sites seem inactive, and that aggregates of three or more hydrogen vacancies are required for efficient H 2 dissociation.
The experiments were performed in an ultrahigh-vacuum (UHV) chamber with a total background pressure below 2 £ 10 210 torr and a hydrogen partial pressure of 5 £ 10 211 torr, as determined by mass spectrometry. The variable-temperature scanning tunnelling microscope (STM) apparatus 7 was modified to cool the tip to the same temperature as the sample. The Pd(111) sample was prepared by cycles of noble-gas bombardment at 1,000 K with subsequent 'flashing' to 1,100 K. Hydrogen was introduced via a leak valve.
The work presented here concerns the final stages of H 2 adsorption and dissociation on the Pd(111) surface, when the H coverage is close to one monolayer (ML). In these conditions, the formation and dynamics of active sites can be observed most clearly. On the clean surface, hydrogen molecules dissociate readily at 37 K, the lowest temperature of the present experiments. In agreement with earlier low-energy diffraction studies 8 and total-energy calculations 9,10 , we have found by STM 11 that H atoms adsorb on the three-fold face-centred cubic (f.c.c.) sites. The H atoms appear as 15 pm (1 picometre ¼ 10 212 m) depressions in the STM images, owing to reduced tunnelling probability (Fig. 1a) . As the H coverage increases, an ordered structure with p 3 £ p 3 R308 periodicity relative to the substrate is formed at 1/3 ML, with one occupied and two empty f.c.c. sites per unit cell. This is followed, with further H adsorption, by another p 3 £ p 3 structure at 2/3 ML with two occupied and one empty f.c.c. sites per cell 8, 11 . As the empty sites in this latter structure are not contiguous, it is perhaps not surprising that the sticking coefficient for dissociative adsorption of H 2 drops substantially as the coverage approaches 2/3 ML. Above 50 K however, thermally activated diffusion produces vacancy-aggregates where H 2 molecules can dissociate, allowing the adsorption process to continue up to the saturation value of 1 ML. The STM images of the surface close to 1 ML coverage (Fig. 1b) reveal a 1 £ 1 structure with a small, 5-pm corrugation (in contrast with the 15 pm of the isolated H atoms), with almost all the f.c.c. sites occupied by H atoms. The surface contains defects, in the form of H vacancies (empty f.c.c. sites), which appear as bright protrusions in the images. The apparent height of these protrusions is 50 pm. Because of the 10-fold contrast difference the vacancy protrusions dominate the image contrast, and the 1 £ 1 H areas appear rather dark (Fig. 1b) .
The dynamics of vacancy diffusion and their annihilation by dissociative adsorption of H 2 at a temperature of 65 K was followed by acquiring successive STM images of the same area at 75 s per Figure 1 STM images of hydrogen atoms on Pd(111). a, 6.2 £ 5 nm at a coverage of ,0.17 ML. The H atoms appear as dark spots (15-pm depressions) owing to reduced tunnelling current. They form islands with p 3 £ p 3 R308 periodicity. The bright spots between islands correspond to Pd atoms, and have a corrugation of ,2 pm. b, 6.4 £ 5.2 nm images acquired at a H coverage of almost 1 ML. The H atoms form an ordered 1 £ 1 structure with weak, 5-pm corrugation. The large bright spots correspond to H vacancies, with an apparent height of about 50 pm. c-e, 2.0 £ 1.5 nm images, which are frames of a movie showing the formation and dissociation of a H-vacancy pair in the almost H-saturated Pd(111) surface. To enhance contrast, these images are shown shadowed from the right. In c, five H vacancies are present. A few minutes later (d), two vacancies have moved to nearest-neighbour positions forming a vacancy pair, which is imaged as a three-lobed triangle. In e the vacancies have separated, and five isolated vacancies can again be seen. The drawing in f illustrates the mechanism explaining the triangular appearance of the pair: large circles represent Pd atoms; small circles, H atoms. The light-shaded H atom can rapidly exchange with the vacancies (white circles) by hopping over bridge sites that offer the smallest barrier to diffusion. Exchange with the H atoms surrounding the triangle requires hopping near top Pd sites and/or close to other H atoms, a process with a higher barrier and therefore much slower. As the exchange is fast compared to the STM line-scan rate, each of the three triangle sites is vacant 2/3 of the time and appears equally bright. Movies of Monte Carlo simulations of vacancy diffusion and aggregation can be viewed at http://stm.lbl.gov (see also Supplementary Information).
frame. The gas-phase H 2 pressure was increased to 2 £ 10 27 torr. At 65 K the observed vacancy hopping frequency was 4 £ 10 24 s 21 , corresponding to an activation energy of ,0.2 eV. For comparison, the activation energy for isolated H-atom diffusion was found to be ,0.09 eV (ref. 11). Three frames from this experiment are shown (Fig. 1c-e) . These images are shown with simulated 'shadows' from a light source on the right-hand side to enhance the contrast of the 1 £ 1 H regions. In Fig. 1c , five vacancies are visible. In the next frame (Fig. 1d ) two of them, near the centre, have aggregated to form a vacancy pair, which later separates (Fig. 1e) . Unexpectedly, the vacancy pair has the appearance of a bright triangle occupying three nearest-neighbour f.c.c. sites. When the pair separates, two isolated vacancies are again imaged.
The triangular shape of the vacancy pair can be explained with the help of the schematic diagram in Fig. 1f . According to total-energy calculations, the lowest-energy diffusion path for H is from an f.c.c. to an adjacent hexagonal close packed (h.c.p.) site across a bridge site, then across a second bridge to a neighbouring f.c.c. 9 . The lightshaded H atom in Fig. 1f can follow this path to either vacant site without hindrance, while all other surrounding H atoms (dark shaded in the diagram) must pass close to a neighbouring H atom (within 0.57 of the lattice spacing) or over a top site, a less favourable path. If the unhindered diffusion rate is fast compared to the STM imaging time, the light-shaded H atom will repeatedly change positions between the three corners of the triangular cluster, and the STM tip will 'see' each of the sites empty for 2/3 of the time on average. As we shall see below this phenomenon is quite general, and occurs also with larger aggregates. Vacancy clusters always appear as partially occupied bright triangles bounded by closepacked {110} edges, with H atoms diffusing rapidly inside.
Events where more than two vacancies aggregate to form larger clusters were also observed (Fig. 2) . In Fig. 2a we can see several isolated vacancies and two vacancy pairs. In Fig. 2b the five labelled vacancies of Fig. 2a have formed two new clusters: a vacancy pair (2V) and a triplet (3V). The 3V cluster occupies a six-site triangular area bounded by {110} edges, similar to the 2V case, with three H atoms diffusing rapidly among the six sites. In contrast to the 2V clusters, the larger 3V clusters are active for H 2 dissociation (Fig. 2c) . The 2V cluster has separated into isolated vacancies (A, B), while the 3V cluster has been annihilated by a dissociating H 2 molecule, leaving one vacancy (C) behind. Two other 2V clusters have remained intact during this process, but separate several frames later (not shown). The annihilation of 3V clusters occurs only in the presence of H 2 background gas.
As a final example, Fig. 3 shows the formation and annihilation of a 4V cluster. Again, this cluster appears as a triangle bounded by {110} edges and occupying an area containing ten Pd atoms. The six H atoms in the triangle diffuse rapidly among the ten sites. This cluster decayed via H 2 adsorption, leaving a pair of isolated vacancies. For this and for larger vacancy clusters, annihilation by H 2 adsorption was the dominant decay mechanism. Figure 4 shows the observed lifetime distribution for 3V clusters in 2 £ 10 27 torr of H 2 , and Table 1 gives statistics for 2V to 5V clusters. Hydrogen adsorption was frequently observed for 3V and larger clusters, always reducing the number of vacancies by two. The H 2 sticking probability can be estimated at 0.5-0.8% for 3V and larger clusters. In contrast, we never observed H 2 adsorption for a 2V cluster even though two atomic hydrogen sites are available. This finding is contrary to accepted models of diatomic molecule dissociation, and calls for a theoretical effort in modelling the adsorption step in catalysis that includes the precise atomic structure of the target sites and the role of adsorbate diffusivity in generating such sites.
As a first step to understanding the dynamics of vacancy aggregation, we performed Monte Carlo simulations of vacancy diffusion. For decades there has been a vigorous debate about the depth extent of continental roots 1, 2 . The analysis of heat-flow 3 , mantlexenolith 4 and electrical-conductivity 5 data all indicate that the coherent, conductive part of continental roots (the 'tectosphere') is at most 200-250 km thick. Some global seismic tomographic models agree with this estimate, but others suggest that a much thicker zone of high velocities lies beneath continental shields [6] [7] [8] [9] , reaching a depth of at least 400 km. Here we show that this disagreement can be reconciled by taking into account seismic anisotropy. We show that significant radial anisotropy, with horizontally polarized shear waves travelling faster than those that are vertically polarized, is present under most cratons in the depth range 250-400 km-similar to that found under ocean basins 9, 10 at shallower depths of 80-250 km. We propose that, in both cases, the anisotropy is related to shear in a low-viscosity asthenospheric channel, located at different depths under continents and oceans. The seismically defined 'tectosphere' is then at most 200-250 km thick under old continents. The 'Lehmann discontinuity', observed mostly under continents at about 200-250 km, and the 'Gutenberg discontinuity', observed under oceans at depths of about 60-80 km, may both be associated with the bottom of the lithosphere, marking a transition to flowinduced asthenospheric anisotropy.
The maximum thickness of the lithosphere, defined as a region of distinctly faster than average seismic velocities (1.5%-2%) in global S-wave velocity V S tomographic models, ranges from 200 to 400 km, depending on the model [6] [7] [8] [9] . This is clear from the drop in correlation between some models from around 0.80 at 100 km to less than 0.45 at 300 km depth (Fig. 1a) , which casts some doubt on the ability of global tomography to accurately resolve upper mantle structure. However, although global V S models differ from each other significantly in the depth range 200-400 km under the main continental shields, these differences are consistent when they are classified into three categories, depending on the type of data used to derive them: 'SV' (mostly vertical or longitudinal component data, dominated by Rayleigh waves in the upper mantle), 'SH' (mostly transverse component data, dominated by Love waves), and 'hybrid' (three-component data). SH and hybrid models are better The clusters decay either by separation or by annihilation following adsorption of a H 2 molecule, which fills two of the three H vacancies.
